background: Adiponectin is involved in the regulation of energy homeostasis and more recently in the reproductive functions. We have previously shown that adiponectin receptors (AdipoR1 and AdipoR2) are expressed in human granulosa cells. However, it remains to be investigated whether both AdipoR1 and AdipoR2 or only one of these receptors serve as the major receptor(s) for adiponectin in human granulosa cells.
Introduction
Adiponectin is a collagen-like 30-kDa protein that is the most abundant secretory product of white adipose tissue (Maeda et al., 1996; Saito et al., 1999) . It circulates as a multimer in plasma at high concentration about 5-20 mg/ml in human (Arita et al., 1999; Hada et al., 2007) . In serum, there are three major oligomers of adiponectin; the trimer, hexamer and high-molecular-weight forms (Kadowaki and Yamauchi, 2005) . The circulating levels of adiponectin are inversely related to the degree of adiposity (Arita et al., 1999; Yang et al., 2001) and are positively associated with insulin sensitivity in both healthy and diabetic patients (Weyer et al., 2001; Yamauchi et al., 2001) . Adiponectin exerts its action by binding to two specific receptors, AdipoR1 and AdipoR2 (Yamauchi et al., 2003) . Both AdipoR1 and AdipoR2 are seven-transmembrane receptors that are structurally and functionally distinct from G protein-coupled receptors (Kadowaki and Yamauchi, 2005) . They are biologically active and bind to an adaptor protein containing a pleckstrin-homology domain, a phosphotyrosine-binding domain and a leucine zipper motif (APPL1). Engagement of AdipoR and the adaptor protein induces an intracellular signalling cascade (Deepa and Dong, 2009) . Through the stimulation of AdipoR1 or AdipoR2, adiponectin has been found to activate adenosine monophosphate-activated protein kinase (AMPK), peroxisome proliferator-activated receptor-a (PPARa) and mitogen-activated protein kinase (MAPK) (Kadowaki and Yamauchi, 2005) . AdipoR1 and AdipoR2 may have some functional differences in adiponectin signalling pathways. Indeed, in mouse liver, AdipoR1 is more tightly linked to the activation of the AMPK pathways whereas AdipoR2 is more involved with activation of the PPARa pathways .
Adiponectin is involved in the regulation of various processes. It has been found to affect glucose utilization, lipid synthesis, energy homeostasis, vasodilatation and atherogenic activity (Kadowaki and Yamauchi, 2005) . Furthermore, some evidence suggests that adiponectin could also directly regulate reproductive functions. In various species, adiponectin and its receptors are present in different reproductive organs including pituitary (Psilopanagioti et al., 2009) , hypothalamus (Psilopanagioti et al., 2009) , testis (Caminos et al., 2008) , ovary, oviduct (Archanco et al., 2007) , placenta (Caminos et al., 2005; Chen et al., 2006) and endometrium (Schmidt et al., 2008; Takemura et al., 2006) . In the ovary, adiponectin has been detected in follicular fluid (Bersinger et al., 2006; Ledoux et al., 2006; Gutman et al., 2008) , the oocyte (Chabrolle et al., 2007b) , the corpus luteum (Chabrolle et al., 2007b) and theca cells (Chabrolle et al., 2007a, b) , whereas it is only very weakly expressed in granulosa cells. In our previous work, we measured the concentration of adiponectin in plasma and follicular fluid of six infertile women. The adiponectin level was significantly higher in follicular fluid than in plasma (Chabrolle et al., 2008) . The concentration of adiponectin in follicular fluid was about 14 mg/ml. In primary cultures of human granulosa cells, this concentration induces specific responses, suggesting that adiponectin is an important regulator of granulosa cell function (Chabrolle et al., 2008) . AdipoR1 and AdipoR2 are found in oocyte, corpus luteum, theca and granulosa cells (Ledoux et al., 2006; Chabrolle et al., 2007a, b) . In porcine granulosa cells, recombinant porcine adiponectin induces in vitro expression of genes associated with periovulatory remodelling of the ovarian follicle (Ledoux et al. 2006) . In rat and chicken granulosa cells, we have recently showed that adiponectin (1-10 mg/ml) increased IGF-I-induced progesterone and estradiol production (Chabrolle et al., 2007b) . Results from animal studies indicate that the level of adiponectin is tightly controlled during puberty, sexual differentiation, gestation and lactation (Combs et al., 2003) . In addition, overexpression of adiponectin impairs female fertility in mice, but loss of adiponectin has no effect (Campos et al., 2008) . The circulating levels of adiponectin present sexual dimorphism in adult human and mice (Combs et al., 2003; Gui et al., 2004; Mitchell et al., 2005) . Furthermore, some human pathologies of the reproductive tract such as endometriosis (Dal Maso et al., 2004) , breast cancer (Treeck et al., 2008) , uterine leiomyoma (Chen et al., 2004) and polycystic ovary syndrome (Gulcelik et al., 2008) are associated with changes in serum adiponectin levels. We have recently showed that AdipoR1 and AdipoR2, but not adiponectin, are expressed in human granulosa cells from pre-ovulatory follicles obtained during oocyte retrieval for IVF (Chabrolle et al., 2008) . In primary human granulosa cells we have observed that human recombinant adiponectin increases progesterone and estradiol secretion in response to insulinlike growth factor I (IGF-I) and this was associated with an increase in the p450 aromatase protein level but not those of p450scc, 3bHSD or StAR (Chabrolle et al., 2008) . We have also showed that human recombinant adiponectin activated the MAPK ERK1/2 and p38 signalling pathways in primary human granulosa cells (Chabrolle et al., 2008) . However, it remains to be clarified whether both AdipoR1 and AdipoR2 or only one of these receptors serve as the major receptors for adiponectin in human granulosa cells.
In the present study, we investigate the role of AdipoR1 and AdipoR2 in the human granulosa cell line (KGN) by the RNA interference (RNAi) technology to knockdown specifically the expression of either AdipoR1 or AdipoR2.
Materials and Methods
Human granulosa-like tumour cell line, KGN
The human ovarian granulosa-like tumour cell line, KGN, was obtained from Drs Masatoshi Nomura and Hajime Nawata, Kyushu University, Japan (Nishi et al., 2001) . KGN cells are undifferentiated and maintain physiological characteristics of ovarian cells, including the expression of functional FSH receptor and the expression of aromatase. They were cultured in DMEM/F12 medium (Sigma, St. Louis MO) supplemented with 10% FCS and antibiotics (100 IU/ml penicillin, 100 mg/ml streptomycin obtained from Sigma) in a 5% CO 2 atmosphere at 378C.
Hormones and reagents
Purified ovine FSH-20 (lot no.AFP-7028D, 4453 IU/mg, FSH activity¼175 times), used for culture treatment, was a gift from the National Institute of Diabetes and Digestive and Kidney Diseases, National Hormone Pituitary Program, Bethesda, MD. Recombinant human insulin-like growth factor-I (IGF-I) and AICAR (adenosine analogue, 5-aminoimidazole-4-carboxamide-1-ß-D-ribonucleoside), a potent activator of the AMPK system were from Sigma (St. Louis, MO). Recombinant human adiponectin (full-length human adiponectin, reference: rD172023100) derived from mammalian cells (HEK 293 cells) was obtained from BioVendor Laboratory Medecine (Heidelberg, Germany).
Antibodies
Anti-human adiponectin rabbit polyclonal antibody was obtained from Abcam (Cambridge, United Kingdom). Rabbit polyclonal antibodies to were from Phoenix Pharmaceuticals Inc. (Belmont, CA). Rabbit polyclonal antibodies to phospho-ERK1/2 (Thr202/Tyr204) were purchased from New England Biolabs Inc. (Beverly, MA). Rabbit polyclonal antibodies to ERK2 (C14) and mouse monoclonal antibodies to PCNA (PC20) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse monoclonal antibodies to vinculin were obtained from Sigma. Rabbit polyclonal antibodies against p450scc, StAR and 3bHSD were generously provided by Dr Dale Buchanan Hales (University of Illinois, Chicago, IL) and Dr Van Luu-The (CHUL Research Center and Laval University, Quebec, Canada), respectively. All antibodies were used at 1:1000 dilutions in western blotting.
Production of lentiviral vectors and infections
Three lentiviral vector-based small interference RNA (siRNA), LVTHM-AdipoR1, LVTHM-AdipoR2 and LVTHM-Control were generated by ligating two complimentary oligos of siRNA with hairpin structures targeting the AdipoR1 or AdipoR2 genes (target sequence of AdipoR1: gACTGGGACTCTTCAGAAA and of AdipoR2: cAGACTGGCTCAAG-GATAA) in the LVTHM vector, as described by Wiznerowicz and Trono (2003) and on the website http://tronolab.epfl.ch//). A scrambled control sequence (CAGTCGCGTTTGCGACTGG) targeting no gene in human was used as a negative control. Vectors were sequenced in Role of adiponectin receptors in human granulosa cells order to verify construction. The vesicular stomatitis virus envelope glycoprotein G-pseudotyped HIV-1-derived vectors (LVTHM-AdipoR1, LVTHM-AdipoR2, LVTHM-Control) were generated by transient transfection of 293T cells according to standard protocols as described in Negre et al. (2000) . The KGN cell line was infected with lentivirus in the presence of 6 mg/ml polybrene (Sigma) for 12 h at a multiplicity of infection of 10. We obtained three different cell types (Control, R1 and R2 cells). The 'Control' cells produce a shRNA targeting no known mRNAs and the 'R1' and 'R2' cells produce a small hairpin RNA (shRNA) targeting AdipoR1 or AdipoR2 mRNAs, respectively.
Western blot
KGN, control, R2 and R1 cells were solubilized, and centrifuged, as previously described (Chabrolle et al., 2007b) . The supernatants were then subjected to electrophoresis on 10% (wt/vol) sodium dodecyl sulfatepolyacrylamide gel (SDS-PAGE) under reducing conditions and transferred onto nitrocellulose membranes (Schleicher and Schuell, Ecquevilly, France). Membranes were incubated overnight at 48C with appropriate antibodies (final dilution 1:1000) and the signal was detected with horseradish peroxidase conjugated with specific secondary antiserum followed by an enhanced chemiluminescence reaction as previously described (Chabrolle et al., 2007b) . Bands densities were estimated by using the software Scion Image (4.0.2 version). The results are expressed as the intensity signal in arbitrary units after normalization allowed by the presence of vinculin or ERK2 total (for ERK1/2 phosphorylation), as an internal standard, and correspond to the average of three independent experiments.
Thymidine incorporation into KGN and R2 cells
Control, R1 and R2 cells were cultured in DMEM -Ham's F12 medium and 10% FCS as described above for 24 h. Cells were then starved for 18 h (only Ham's F12 medium) followed by the addition of 1 mCi/ml of [ 3 H]-thymidine (Amersham Life Science) in the presence or absence of adiponectin (10 mg/ml) and /or IGF-1 (5 Â 10 28 M). After 24 h of culture, excess of thymidine was removed by washing twice with phosphate-buffered saline (PBS; 1Â), fixed with cold trichloacetic acid 50% for 15 min and lysed by 0.5 M NaOH. The radioactivity was determined by scintillation fluid (Perkin Elmer, Coutaboeuf) counting in a b-photomultiplier.
Cell viability
Cell viability was determined by trypan blue staining. Both adherent and nonadherent cells (Control, R1, R2 and parental KGN) were harvested, washed three times with PBS 1Â and resuspended in 100 mL PBS 1Â. After mixing Figure 1 Protein levels of AdipoR1 and AdipoR2 in R1, R2 and control cells. KGN cells at 50% of confluence were infected with lenti-AdipoR1-GFP virus (R1 cells), lenti-AdipoR2-GFP virus (R2 cells or lenti-control cells (Control)). After six passages, protein extracts from R1 (A), R2 (B) and control cells were resolved by SDS-PAGE, transferred to a nitrocellulose membrane and incubated with specific antibodies against AdipoR1 and AdipoR2. Equal protein loading was verified by reprobing membrane with an anti-vinculin antibody. Results are representative of at least three independent experiments (***P , 0.001).
with 100 ml of 0.8% Trypan blue (Sigma, St. Louis MO), the cells were counted using a hemocytometer. The number of dead cells with disrupted membranes (blue cells) in 500 cells was counted in three replicates.
Progesterone (P) and estradiol (E2) radioimmunoassay
The concentration of P and E 2 in the culture medium of Control and R2 cells was measured after 48 h of culture by a radioimmunoassay protocol, as previously described (Chabrolle et al., 2007b; Saumande, 1991) . The limit of detection of P was 12 pg/tube (60 pg/well) and the intra-assay and interassay coefficients of variation (CV) were less than 10% and 11%, respectively. The limit of detection of E 2 was 1.5 pg/tube (7.5 pg/well) and the intra-assay and inter-assay CVs were less than 7 and 9%, respectively. Results were expressed as the amount of steroids secreted for 48 h per 100 mg of total protein extracted from cells of each well. Results are means + standard error of the mean (SEM) of three cultures of KGN cells. In each culture, each condition was analysed at least five separate wells.
Statistical analysis
All experimental data are presented as the mean + SEM. One t-test or one way of variance (ANOVA) (for comparison of various means) were used to test differences and if ANOVA revealed significant effects, the means were compared by Fisher's test, with P , 0.05 considered significant. We used the software package Excel and Statview 5.0.
Results

Generation of AdipoR1 or AdipoR2-knockdown KGN cell lines
To better understand the role of adiponectin, KGN cells were depleted of either AdipoR1 or AdipoR2. Three days after the lentiviral infection, the R1 cells showed 100% knockdown of AdipoR1 protein levels and the R2 cells showed 100% knockdown of AdipoR2 protein levels (Fig. 1) . The protein levels of AdipoR1 in R2 cells and AdipoR2 in R1 cells were similar to the control cells (Fig. 1A and B) and the parental KGN cells (data not shown). The control cells produce a shRNA targeting no known mRNAs. They did not differ significantly from the parental KGN cells in any of the experiments performed (data not shown).
AdipoR1-knockdown cells have decreased cell viability
Three days after the lentiviral infection, the AdipoR1-deficient cells in medium with serum were significantly more rounded than control cells and the number of cells was significantly reduced (Fig. 2) . Furthermore, by using trypan blue staining we observed that the cell viability was strongly decreased (data not shown). To assess whether apoptotic signalling pathways were activated, the phosphorylation of BAD and activation of caspase-3 were assessed in R1, R2 and control cells. As shown in Fig. 3A , phosphorylation of BAD (Ser136) was 6-fold lower in R1 cells, compared with R2 or control cells. Figure 3B demonstrates that cleaved caspase-3 was 7-fold higher in R1 cells, compared with R2 or control cells. Furthermore, [ 3 H]thymidine incorporation after 24 h in culture in the presence of serum was significantly reduced in R1 cells compared with control or R2 cells (Fig. 3C) . These results were confirmed by evaluating the PCNA level by western blot (Fig. 3D) . In contrast to R1 cells, R2 cells had similar morphology and cell viability to control or parental KGN cells. Consequently, we investigated the effect of the AdipoR2 depletion on progesterone and estradiol production in KGN cells. As expected, in control or KGN cells (data not shown), FSH and IGF-1 treatment alone increased progesterone and estradiol secretion and this effect was largely improved when FSH and IGF-1 were combined (P , 0.05). In R2 cells, FSH and IGF-1 also increased steroid secretion. However, the magnitude of the effects was reduced in R2 compared with control cells. Progesterone and estradiol secretions in DMEM medium and 10% FBS during 24 h in the presence of 1 mCi/ml of [3H]thymidine. Cultures were maintained at 378C under 5% CO 2 in air. After 24 h of culture, excess of thymidine was removed by washing twice with PBS, fixed with cold trichloroacetic acid 50% for 15 min and lysed by 0.5 M NaOH. The radioactivity was determined by scintillation fluid counting in a b-photomultiplier. The results are expressed as means + SEM. Different letters indicate significant differences (P , 0.05).
were not different in R2 and control cells in the basal state ( Fig. 4A and B) ; however, in R2 progesterone secretion was lower by 2-to 4-fold in presence of FSH alone or in combination to IGF-1 (Fig. 4A , P , 0.0001) compared with control cells. Furthermore, estradiol secretion by R2 cells was lower than control cells by 10-fold in presence of FSH (P , 0.0001), 2-fold in presence of IGF-1 (P ¼ 0.0059) and 5-fold when FSH and IGF-1 were combined (P , 0.0001) (Fig. 4B) . We examined whether this difference of steroid production in R2 and KGN cells in response to FSH and IGF-1 treatment was the result of differing concentrations of the two key enzymes of steroidogenesis (3ß-honest significant difference and P450scc) and/or of StAR, an important cholesterol carrier. We observed no difference in the level of 3ß-honest significant difference and P450scc protein levels between R2 and control cells (data not shown). At the opposite, the protein level of StAR was significantly reduced in R2 cells as compared with control cells in response to FSH alone or in combination with IGF1 (Fig. 5) . We investigated the cell proliferation level in R2 and control cells in presence or absence of IGF-1 1 (5 Â 10 28 M) or FSH (5 Â 10 28 M).
IGF-I and FSH treatment significantly increased [
3 H]thymidine incorporation. However, there was no difference between and R2 and control cells regardless of hormone treatment protocol (data not shown).
Phosphorylation of MAPK ERK1/2 is altered in AdipoR2 knockdown
MAPK ERK1/2 and AMPK are two signalling pathways involved in the response to adiponectin via its receptors in various cells (Kadowaki and Yamauchi, 2005) . We compared the activation of these two pathways in control and R2 cells in response to adiponectin. As shown in Fig. 6A , human recombinant adiponectin (10 mg/ml) rapidly (after 5 min of stimulation) but transiently increased phosphorylation of MAPK ERK1/2 in control cells whereas it had no effect in R2 cells. These results were confirmed when various doses of adiponectin (1, 10, 50 and 100 mg/ml) were used (Fig. 6B) . We also showed that adiponectin (10 mg/ml for 5-60 min) increased (by about 2-fold) phosphorylation of MAPK p38 similarly in both control and R2 cells (Fig. 7A) . In both these cells, AMPK phosphorylation was also increased in response to adiponectin (10 mg/ml), but this effect was delayed since it was observed only at 90 min of stimulation and was maintained for at least 2 h (Fig. 7B) . Interestingly, adiponectin-induced AMPK phosphorylation was lower (by about 3-fold) in R2 cells compared with control cells (Fig. 7B) . This difference between control and R2 cells on AMPK phosphorylation seems to be specific to adiponectin since AICAR (adenosine analog, 5-aminoimidazole-4-carboxamide-1-ß-D-ribonucleoside) treatment, a well-known activator of AMPK, increased similarly by 4-fold AMPK phosphorylation in both control and R2 cells (Fig. 7C) .
Several studies have showed that the MAPK ERK1/2 signalling pathway is involved in the progesterone secretion in granulosa cells in response to FSH (Moore et al., 2001; Tosca et al., 2005) . Since FSH-induced steroids production is lower in R2 cells compared with control cells, we studied the effect of FSH stimulation on MAPK ERK1/2 phosphorylation in both R2 and control cells. As shown in Fig. 8 , FSH (5 Â 10 28 M) strongly increased MAPK ERK1/2 phosphorylation in control cells and this effect was reduced in R2 cells.
Discussion
We report here a characterization of the physiological role of adiponectin receptors, AdipoR1 and AdipoR2 in a human granulosa tumour cell line using RNAi-mediated knockdown of AdipoR1 or AdipoR2. We generated R1 and R2 cells that have a strong reduction in the protein levels of AdipoR1 and AdipoR2, respectively, compared with control or parental KGN cells. For the R1 cells, we observed a striking phenotype, which included an arrest of cell proliferation, and apoptosis. Conversely, the R2 cells had a similar morphology and level of proliferation to control or parental KGN cells. However, R2 cells produced less progesterone and estradiol in response to FSH and IGF-1 alone or in combination. These results were associated with lower expression of the StAR protein in R2 cells. We have also M). The culture medium was collected and progesterone (A) and estradiol (B) production were measured by radioimmunoassay. Results are representative of at least three independent experiments. The results are expressed as means + SEM. Different letters indicate significant differences (P , 0.05). Different capital letters indicate a significant effect of the treatment (FSH or IGF-1) whereas lower case letters indicate a significant effect of the cell type.
Role of adiponectin receptors in human granulosa cells shown that human adiponectin recombinant increased rapidly but transiently MAPK ERK1/2 phosphorylation in control cells but not in R2 cells. Furthermore, the FSH-induced MAPK ERK1/2 phosphorylation was also strongly reduced in R2 cells compared with control or parental KGN cells. Human adiponectin recombinant also increased (after 90 min of stimulation) AMPK phosphorylation in control cells and this effect was significantly reduced in R2 cells.
We observed that depletion of AdipoR1 induced cell death in KGN cells, suggesting a role of AdipoR1 in cell survival in human granulosa cells. Adiponectin concentration is high in serum, and therefore, adiponectin in fetal bovine serum could be necessary to KGN cell survival in vitro. This result is striking since AdipoR1 2/2 mice are viable and fertile Campos et al., 2008) . Our results are also contrary to those obtained in the mouse myocyte cell line, C2C12 where the AdipoR1 removal with RNAi technique did not induce apoptosis (Yamauchi et al., 2003) . Thus, the role of adiponectin for cell survival through AdipoR1 varies with the cell type. For example, in various human breast cancer cell lines, AdipoR1 signalling, in response to adiponectin, decreases cell proliferation by inhibiting the entry into S-phase (Nakayama et al., 2008) . In contrast, in primary human osteoblasts, adiponectin induces proliferation and differentiation through AdipoR1signalling (Luo et al., 2005) . In our study, we show that a strong reduction in AdipoR1 expression in KGN cells abolishes cell proliferation, increases the level of cleaved caspase 3 and decreases BAD phosphorylation, suggesting an increase in the apoptosis. However, in the pancreatic beta-cell line INS-1, globular adiponectin, an isofrom known to have a high affinity for AdipoR1, exerts anti-apoptotic functions (Rakatzi et al., 2004) . Thus, in human granulosa cells and pancreatic cells, AdipoR1 may be involved in the cell survival, but in different directions.
In contrast, cells that have a strongly reduced AdipoR2 expression proliferated in culture to a similar degree as control or KGN cells. Various signalling pathways are involved in the cell proliferation including MAPK (ERK1/2 and p38) and Akt signalling pathways. In the present study, we have observed that human adiponectin recombinant increased similarly p38 MAPK phosphorylation in control and R2 cells. Similar results were obtained with Akt phosphorylation (data not shown). These results suggest that these two signalling pathways (p38 MAPK and Akt) may be involved in the proliferation of R2 cells. We investigated the role of AdipoR2 in the steroidogenesis. As expected, progesterone and estradiol secretion were increased in response to FSH or IGF-1 (Nishi et al., 2001) ; however, R2 cells produced less steroids in response to FSH or/and IGF-1 than control or KGN cells and furthermore, this alteration of the steroidogenesis could be explained by a lower level of the cholesterol carrier, StAR in R2 cells. Thus, AdipoR2 could control human granulosa cells steroidogenesis in the presence of FSH and/or IGF-1. As expected, when used in combination, IGF-1 and FSH have a synergistic effect on progesterone and estradiol secretion in control cells. However, in R2 cells there is no synergistic effect in terms of progesterone but there clearly appears to be for estradiol secretion. This suggests that in these cells, IGF-1 and FSH when combined improve aromatase protein level and/or aromatase activity compared with each ligand when added alone. AdipoR2 and AdipoR1 are expressed in granulosa cells of various species including rat (Chabrolle et al., 2007b) , chicken (Chabrolle et al., 2007a) , human (Chabrolle et al., 2008) and cow (Lagaly et al., 2008) . In bovine ovaries, AdipoR2 is only expressed in granulosa cells from large follicles (Lagaly et al., 2008) . Several studies have shown an effect of adiponectin on the steroidogenesis. However, the data are often variable according to the species. In rat and human granulosa cells, human recombinant adiponectin improves progesterone and estradiol secretion only in the presence of IGF-1 (no change with FSH was observed) (Chabrolle et al., 2007b; Chabrolle et al., 2008) . In bovine ovaries, human recombinant adiponectin inhibited steroïdogenesis (inhibition of CYP11A1, CYP17A1) in theca cells but there was no inhibition in granulosa cells (Lagaly et al., 2008) . In swine ovaries, StAR expression was increased whereas CYP19 was decreased (Ledoux et al., 2006) . However, it remains to determine whether AdipoR1 or AdipoR2 or both are involved in the steroid production in granulosa cells of these different species.
In this study, we used human recombinant adiponectin (full-length). It has been reported that adiponectin is found as three forms in serum, as a lower-molecular weight (trimer and dimer forms) and as a high-molecular-weight complex (HMW form) (Kadowaki and Yamauchi, 2005) . These varying forms have, more recently, been discovered to have different biological effects. The multimeric form is highly active in the liver and the trimeric and full-length forms are active in a wide range of tissues (Kadowaki and Yamauchi, 2005) . Globular adiponectin, a proteolytic product devoid of the collagen domain, has similar effects to full-length adiponectin in some cellular contexts and effects that differ from the full-length form in others. AdipoR1 and AdipoR2 have different affinity sites for the various forms of adiponectin. As indicated by Yamauchi et al., 2003 , AdipoR1 is a high affinity receptor for globular adiponectin and a low affinity receptor for full length adiponectin, whereas AdipoR2 is an intermediate affinity receptor for full length and globular adiponectin. The role of multimeric and globular forms and the affinity sites for AdipoR1 and AdipoR2 in the different ovarian cells requires further investigation.
In this study we observed that human recombinant adiponectin increased rapidly (after 5 min of stimulation) MAPK ERK1/2 phosphorylation in control and parental KGN cells. This is in agreement with data from rat, human and porcine granulosa cells (Ledoux et al., 2006; Chabrolle et al., 2007b; Chabrolle et al., 2008) . Interestingly, MAPK ERK1/2 phosphorylation is not increased in response to adiponectin in R2 cells, suggesting that MAPK ERK1/2 is only one of signal transduction used by AdipoR2. We also show that AMPK phosphorylation is significantly increased after 90 min of adiponectin stimulation in control cells and this effect was halved in R2 cells suggesting that AMPK could be another signalling used by AdipoR2. We show that the effect of FSH on MAPK ERK1/2 phosphorylation was largely reduced in R2 cells compared with KGN cells. Some investigators have shown stimulatory effects of ERK1/2 on steroidogenesis (Cameron et al., 1996; Das et al., 1996) . For example, it has been shown that LH and FSH activate ERK1/2 and enhance steroid production in ovarian cells (Cameron et al., 1996; Das et al., 1996) . In mouse adrenocortical Y1 cells, ERK1/2 activation increased steroid production through increased transcription of the StAR gene ) for various times: 0, 5, 10 and 30 min. Lysates were resolved by SDS-PAGE, transferred to nitrocellulose membrane and probed with anti-phospho-MAPK ERK1/2 and then with anti-ERK2 antibodies. Blots from three independent experiments were shown. The results are expressed as means + SEM. Different letters indicate significant differences (P , 0.05). (Gyles et al., 2001) . As previously described, FSH-induced StAR protein levels were reduced in R2 cells compared with KGN cells. Thus, in human granulosa cells, adiponectin (through AdipoR2) could regulate steroid production induced by FSH by modulating StAR protein levels. Interestingly, we observed that FSH-induced MAPK ERK1/2 phosphorylation was significantly decreased in R2 cells compared with KGN or control cells. These results suggest a potential cross-talk between FSH receptor and AdipoR2 signalling.
In conclusion, our results suggest differing roles for AdipoR1 and AdipoR2 in human granulosa cells. AdipoR1 may be implicated in cell survival and AdipoR2 in the control of steroidogenesis in response to FSH or IGF-1.
